Introduction
Osteoporosis is a disease characterized by the loss of bone mass and degeneration of bone microstructure. Patients suffering from this degenerative disease experience skeletal fragility and consequently susceptibility to fracture, particularly of the wrist, spine and hip (Kanis et al., 2009) . Because the morbidity, mortality and economic cost associated with osteoporosis and subsequent fractures have increased in the last few years (Davison et al., 2009) , osteoporosis has been a global problem and attracted more and more attention in public health.
Oxidative stress, resulting from excessive formation of reactive oxygen species (ROS) or dysfunction of antioxidant defence system, may play a role in postmenopausal bone loss (Baek et al., 2010; Manolagas, 2010) . Although supplement with antioxidants such as vitamin C or E had been proven protective against osteoporosis in rodents and in vitro studies (Nieves, 2005; Arslan et al., 2011) , the effect of these antioxidant vitamins in clinical trials was controversial (Wolf et al., 2005; Talaulikar et al., 2012) . These agents are relatively inefficient and non-specific, which cannot target defined toxic ROS sources and deleterious redox-dependent signal pathways.
Recently, it has been proven that hydrogen gas, a highly flammable gas, has amazing antioxidant property (Ohsawa et al., 2007) . Compared with most commonly used antioxidants such as vitamin C and vitamin E, molecular hydrogen has two unique characteristics. First, molecular hydrogen selectively reduces cytotoxic ROS such as the hydroxyl radical and does not react with other ROS that possesses physiological roles. Second, because the molecular hydrogen is small and electrically neutral, it easily penetrates membranes and enters cells and organelles including nucleus and mitochondria, where normal antioxidant cannot arrive (Ohsawa et al., 2007) .
In the present work, we explored whether chronic hydrogen water (HW) consumption prevented osteopenia in ovariectomized rats.
Methods

Animals
All the animals were fed under controlled temperature (21-23°C), 12 h light and 12 h dark cycles (light, 08:00-20:00 h; darkness, 20:00-08:00 h), and free access to food and tap water. All the animals used in this work received humane care in compliance with institutional animal care guidelines. All the surgical and experimental procedures were in accordance with institutional animal care guidelines, and were approved by the Local Institutional Committee. Sprague-Dawley rats (2 months old, 200-250 g) were purchased from the Vital-Aiver Animal Ltd. (Beijing, China). Chemicals, drugs and reagents were obtained from Sigma Chemical (St. Louis, MO, USA) unless otherwise stated. All studies involving animals are reported in accordance with the ARRIVE guidelines for reporting experiments involving animals McGrath et al., 2010) .
Study design
Animals were divided into four groups of 60 animals each and treated for 3 months as follows: (i) sham-operated rats drinking with normal water; (ii) sham-operated rats drinking with HW; (iii) ovariectomized rats drinking with normal water; and (iv) ovariectomized rats drinking with HW. Three months later, the body weight and food intake of rats were determined. Plasma pH, oestrogen, osteocalcin, malondialdehyde (MDA) and nitrite/nitrate (NOx) content were determined. The mRNA levels of superoxide dismutase 1 (SOD1), SOD3, catalase, NADPH oxidase 4 (Nox4), p22phox, IL-6, TNF-a and endothelial NOS (eNOS) in femur were determined using quantitative real-time PCR (qRT-PCR) method. The bone mass, mechanical properties, and trabecular bone morphometry of femur and lumber vertebra were measured.
HW
Hydrogen was dissolved in water for 4 h under the pressure of 0.4 MPa as the method described by Ohsawa et al. (2007) . The saturated HW (1.3 Ϯ 0.2 mg·L -1 ) was stored under atmospheric pressure at 4°C in an aluminium bag with no dead volume for use within 1 week. HW was sterilized by gamma radiation and freshly prepared every week. Each day, HW from the aluminium bag was placed in a closed glass vessel, which ensured that the hydrogen concentration was greater than 0.8 mg·L -1 after 1 day.
Ovariectomy
Ovariectomy was performed under isoflurane anaesthesia. A single dorsal incision was made in the skin and through it two lateral incisions in the muscle layer were made, approximately half a centimetre below each kidney. The ovaries were extruded through the incision, ligated off and removed. Treatment was started after a 1 week recovery period.
Measurement of plasma oestrogen, osteocalcin, MDA, DPD and NOx
The concentration of plasma oestrogen was measured using a commercially available immunosorbant assay kit (Cayman, Ann Arbor, MI, USA). The concentration of serum osteocalcin was measured using a radioimmunoassay kit (China Institute of Atomic Energy, Beijing, China). Plasma was used for the determination of MDA using a kit (Cayman). Urinary deoxypyridinoline (DPD) excretion was measured using an OSTEOLINKS-DPD EIA kit (Sumitomo Seiyaku, Osaka, Japan), and the data were corrected for the urinary creatinine concentration. Creatinine was quantified with QuantiChrom Creatinine Assay Kits (BioAssay Systems, Hayward, CA, USA). The levels of NOx, the stable end products of NO, in plasma were measured using a total nitrite/nitrate assay kit (Dojindo, Kumamoto, Japan) that employs the Griess method (Green et al., 1982) .
Measurement of cytokines in serum
Immediately after decapitation, a 2 mL blood sample was collected and serum sample was obtained by centrifugation at 1290¥ g for 15 min and stored at -20°C for assay within 2 months. Serum TNF-a and IL-6 levels were evaluated using ELISA kits (R&D Systems, Minneapolis, MN, USA).
BMC, BMD and bone area measurement
Bone mineral content (BMC), bone mineral density (BMD), and cross-section bone area measurement of femur and vertebrae were performed as previously described (Lei et al., 2009) . BMD and BMC were measured ex vivo with a dual energy X-ray absorptiometry NORLAND XR-46 (Norland Co., Fort Atkinson, WI, USA) using the small-animal program set to a high-resolution mode. Samples were placed on an acrylic platform of uniform 38.1 mm thickness. Regional highresolution scans of both femurs and the lumbar spine (L4) were performed using a 1.524-mm-diameter collimator with 0.30516 mm point resolution and 0.64516 mm line spacing. Selection of region of interests was performed as previously described (Akiyama et al., 1999; Shiraishi et al., 2009) . The coefficient of variation was 3.0% for BMC and 1% for BMD.
Measurement of mechanical properties
Using a mechanical strength analyser (TK-252CC; Muromachi Kikai Co., Ltd, Tokyo, Japan), the mechanical strength of the lumbar vertebra (L5) and left femur was measured as the method described previously (Mosekilde et al., 1993; Katsumata et al., 1995) . For the compression test, the planoparallel surfaces were obtained by removing the cranial and caudal ends of the vertebral specimen. From the vertebral body (L5), a central cylinder with planoparallel ends and a height of approximately 5 mm was obtained. A compression force was applied to the specimen in the craniocaudal direction using a steel disk at a deformation rate of 2.5 mm·min -1
. The ultimate compressive load (N), the stiffness (N·mm -1 ) and the energy (mJ) were calculated as the mechanical properties directly from the load-displacement curve. For the three-point bending test, the left femur was placed on a special holding device with supports located 12 mm apart. A bending force was applied with the cross head at a speed of 20 mm min -1 , until a fracture occurred. From the load-displacement curve, the ultimate compressive load (N), the stiffness (N·mm -1 ) and the energy (mJ) were obtained.
qRT-PCR analysis
The femur was excised and immediately frozen in liquid nitrogen until required. The frozen distal femur was put in a RNase-free mortar and pestle that contained liquid nitrogen and ground to a fine powder immersed in liquid nitrogen. The frozen powder was transferred into a tube containing Trizol (Life Technologies Inc., Gaithersburg, MD, USA) and total RNA was isolated, according to the manufacturer's protocol. RT-PCR analysis was performed with a QuantiTectTM SYBR® Green PCR (Tiangen, Shanghai, China) according to the manufacturer's instructions. The RT-PCR data were based on SYBR green amplification. The sequences of primers are listed in Supporting Information Table S1 (shown in supporting data). The highly specific measurement of mRNA was carried out for SOD1, SOD3, catalase, Nox4, p22phox, TNF-a, IL-6, eNOS, Runx2 and GAPDH using the LightCycler system (Bio-Rad, Carlsbad, CA, USA). Each sample was run and analysed in duplicate. Target mRNA levels were adjusted as the values relative to GAPDH, which was used as the endogenous control to ensure equal starting amounts of cDNA. The fold change relative to control values was obtained and used to express the experimental change in gene expression.
NF-kB activity
To analyse the specific binding activity of nuclear p65 NF-kB proteins, transcription factor ELISA was performed using nuclear extracts following the manufacturer's instruction (NF-kB TransAM kit; Active Motif, Carlsbad, CA, USA) and procedures described previously (Cho et al., 2002) .
Western blotting analysis
The protein concentration was determined with BSA as a standard by a Bradford assay. Equal amount of protein preparations (10 mg in 10 mL buffer) were run on SDSpolyacrylamide gels, electrotransferred to polyvinylidene difluoride membranes, and blotted with a primary antibody against IkBa (Santa Cruz Biotechnology, Inc., CA, USA) overnight at 4°C using slow rocking. Then, they were blotted with HRP-conjugated secondary antibody (1:5000) and HRPconjugated monoclonal antibody against GAPDH (1:10 000). Immunoreactive bands were detected by a chemiluminescent reaction (ECL kit; Amersham Pharmacia, San Francisco, CA, USA).
Plasma pH measurement
Plasma pH was determined by using blood-gas analysis in an automatic blood-gas analyser (ABL system; Radiometer, Copenhagen, Denmark).
Micro-CT
Trabecular bone morphometry within the metaphyseal region of distal femur and L5 vertebral body was quantified using micro-CT (mCT40, Scanco Medical AG, 10.5 mm voxel size, 55 kVp, 145 mA) with a threshold value of 240. The L5 vertebral body and distal femur were scanned in 250 slices (thickness, 13 mm) in the dorsoventral direction. Threedimensional reconstruction of bone was performed using the triangulation algorithm. Volumeric regions for trabecular analysis were selected within the endosteal borders to include the central 80% of vertebral height and secondary spongiosa of femoral metaphyses located~6% of the total length from the growth plate. Trabecular morphometry was characterized by measuring the bone volume fraction (bone volume/total volume, BV/TV), trabecular thickness (Tb.Th) and trabecular number (Tb.N).
Bone histomorphometry
The lumbar vertebrae (L5) and distal femur were incubated with the Villanueva bone stain for 7 days, dehydrated in graded ethanols and xylene, and embedded undecalcified in methyl methacrylate. Frontal sections (4 mm thick) were cut with vertical bed microtomes (Leica, Rockleigh, NJ, USA) and affixed to slides pre-coated with a 1% gelatin solution. Then they were stained according to the Von Kossa method with a tetrachrome counterstain (Polysciences, Warrington, PA, USA). Regions for trabecular analysis were selected within the endosteal borders to include the central 80% of vertebral height and secondary spongiosa of femoral metaphyses located~6% of the total length from the growth plate. Histomorphometric data were collected with the Bioquant Bone Morphometry System (R&M Biometrics Corp., Nashville, TN, USA). Osteoclast and osteoblast surfaces were measured in the 4 mm stained sections and expressed as percentages of total cancellous bone surface.
Statistical analysis
All the data are presented as mean Ϯ standard deviations. Comparison among groups was analysed using a two-way analysis of variance followed by Bonferroni t-test. P < 0.05 was considered statistically significant. Statistical analysis was performed using SPSS 11.0.0 software (SPSS Inc., Chicago, IL, USA).
Results
Effects of HW on bone of ovariectomized rats
Ovariectomy in rats resulted in increased body weight, decreased plasma oestrogen content, increased plasma osteocalcin content and urinary DPD, but had no significant effect on food intake. HW consumption in ovariectomized rats had no significant effect on body weight and plasma oestrogen and pH levels, but it significantly decreased serum osteocalcin levels and urinary DPD content (Table 1) . HW consumption in sham-operated rats had no significant effect on body weight, plasma oestrogen content, serum osteocalcin content, food intake and plasma pH levels.
Ovariectomy in rats significantly decreased femoral bone mass including BMC and BMD, and lowered femoral mechanical strength including ultimate load, the stiffness, and the energy, and disrupted femoral bone structure marked by decreased BV/TV, Tb.N and Tb.Th, but had no effect on femoral bone area (Table 2) . HW consumption in ovariectomized rats increased femoral BMC, BMD, ultimate load, the stiffness, the energy, BV/TV, Tb.N and Tb.Th.
Ovariectomy in rats significantly decreased vertebral bone mass including BMC and BMD, and lowered vertebral mechanical strength including ultimate load and the stiffness, and disrupted vertebral bone structure marked by decreased BV/TV and Tb.N, but had no effect on vertebral bone area or mechanical energy or Tb.Th (Table 3) . HW consumption in ovariectomized rats increased vertebral BMC, BMD, ultimate load, the stiffness, BV/TV and Tb.N. When compared with sham-operated rats, increased osteoblast surface to bone surface (ObS/BS) and osteoclast surface to bone surface (OcS/BS) were found in femur and vertebra of ovariectomized rats. HW consumption in ovariectomized rats decreased OcS/BS and ObS/BS in both femur and vertebra significantly.
HW consumption in sham-operated rats had no significant effect on BMC, BMD, bone area, ultimate load, the stiffness, the energy, BV/TV, Tb.N, Tb.Th, ObS/BS, and OcS/BS in femur and vertebrae.
Effects of HW on oxidative stress in ovariectomized rats
Ovariectomy in rats resulted in oxidative stress, marked by increased MDA content in plasma ( Figure 1A ), reduced expression of antioxidative defence enzymes including SOD1 ( Figure 1B ), SOD3 ( Figure 1C) , and catalase ( Figure 1D ), and enhanced expression of oxidative enzymes including Nox4 ( Figure 1E ) and p22phox ( Figure 1F ) in femur. HW consumption in ovariectomized rats reduced MDA level and enhanced SOD1, SOD3, and catalase mRNA expression, and inhibited Nox4 expression, but had no significant effect on p22phox expression in femur. HW consumption in sham-operated rats had no significant effect on plasma MDA content and SOD1, SOD3, catalase, Nox4, p22phox mRNA levels in femur.
Effects of HW on cytokines in ovariectomized rats
Ovariectomy in rats resulted in increased TNF-a level in serum (Figure 2A ), but did not affect IL-6 production ( Figure 2B ). In femur, ovariectomy enhanced mRNA expression of TNF-a ( Figure 2C ) and IL-6 ( Figure 2D ) and activity of NF-kB p65 ( Figure 2E) , and decreased IkBa ( Figure 2F ) protein expression. HW consumption in ovariectomized rats decreased TNF-a level in serum ( Figure 2A ) and reduced TNF-a ( Figure 2C ) and IL-6 ( Figure 2D ) mRNA expression and suppressed NF-kB p65 ( Figure 2E ) activity and enhanced IkBa ( Figure 2F ) protein expression in femur. HW consumption in sham-operated rats had no significant effect on TNF-a and IL-6 levels in serum and TNF-a and IL-6 mRNA expression, NF-kB p65 activity and IkBa protein expression in femur.
Effects of HW on NO formation in ovariectomized rats
In ovariectomized rats, plasma NOx content was lower than that in sham-operated rats ( Figure 3A) . RT-PCR results showed that eNOS mRNA expression was also lower in femur of ovariectomized rats ( Figure 3B ). HW consumption in ovariectomized rats enhanced plasma NOx content and up-regulated femoral eNOS mRNA expression. HW consumption in sham-operated rats had no significant effect on plasma NOx content and femoral eNOS mRNA expression.
Discussion
Recently, Sun et al. demonstrated that treatment with molecular hydrogen alleviates microgravity-induced bone loss in vivo and in vitro (Sun et al., 2012) and first revealed the protective effect of molecular hydrogen on bone. In this study, although chronic treatment with HW had no significant effect on circulating oestrogen, it effectively alleviated osteopenia in ovariectomized rats. Therefore, the beneficial effect of HW on osteoporosis induced by oestrogen deficiency was independent of oestrogen. Treatment with hydrogen molecule prevents osteopenia in ovariectomized rats, possibly through the ablation of the oxidative stress induced by oestrogen withdrawal. In this study, treatment with HW suppressed the increased osteoclast surface in ovariectomized rats. The cytokine IL-6 has been proposed to act as a stimulator of osteoclast formation and activity, in particular following loss of oestrogen (Jilka et al., 1992) . IL-6-deficient mice are protected from bone loss caused by oestrogen depletion (Poli et al., 1994) . The femoral IL-6 mRNA expression was found suppressed by treatment with HW. Therefore, treatment with HW might suppress osteoclastogenesis through inhibition of IL-6 expression in ovariectomized rats.
In the current study, treatment with HW abated oxidative stress, which might result from enhanced expression of antioxidant enzymes including SOD1, SOD3, and catalase, and decreased Nox4 expression.
SOD and catalase, as two important defences against excessive ROS in bone tissue, are responsible to reduce the superoxide radicals to water (Noor et al., 2002; Muller et al., 2006) . Mice deficient in SOD1 exhibited lower BMD and reduced bone strength (Smietana et al., 2010) . Decreased SOD activity was found accompanied with increased oxidative stress in aged rodents and postmenopausal women (Ozgocmen et al., 2007; Zhang et al., 2011) . In addition, catalase administration was shown to prevent oophorectomy-
Figure 1
Effect of HW on oxidative stress in ovariectomized rats. Plasma MDA (A) content was measured using an ELISA kit. Femur SOD1 (B), SOD3 (C), catalase (D), Nox4 (E) and p22phox (F) mRNA levels were determined using qRT-PCR method. Sham, sham-operated group; OVX, ovariectomized group; n = 10-12 in each group; *P < 0.05 versus the sham-operated group; #P < 0.05 versus the ovariectomized group.
induced bone loss (Lean et al., 2005) . Those results suggest that SOD and catalase activities may be involved in the development of oxidative stress-related osteoporosis. In the current study, treatment with HW increased the SOD and catalase activities in ovariectomized rats. Expressions of Nox4 and p22phox, as the major sources of intracellular ROS in bone (Mandal et al., 2010) , were found enhanced in ovariectomized rats. Treatment with HW significantly inhibited Nox4 expression but did not affect p22phox expression in femur.
Figure 2
Effect of HW on cytokines in ovariectomized rats. Serum TNF-a (A) and IL-6 (B) concentrations were measured using ELISA kits. Femur TNF-a (C) and IL-6 (D) mRNA levels were determined using qRT-PCR method. NF-kB activity (E) was determined with ELISA kits. IkBa protein expression (F) was determined through Western blotting analysis. Sham, sham-operated group; OVX, ovariectomized group; n = 10-12 in each group; *P < 0.05 versus the sham-operated group; #P < 0.05 versus the ovariectomized group.
Circulating NO levels and femur eNOS expression were found reduced in ovariectomized rats. NO derived from eNOS in bone tissue is one of the key local mediators and crucial second messengers of systemic hormones including calcitonin gene-related peptide, parathyroid hormone and sex steroids, particularly of oestrogen (Wimalawansa et al., 1996; Hukkanen et al., 2003) . Therefore, enhanced NO level might contribute to the beneficial effect of HW on bone in ovariectomized rats. In addition, as eNOS was only one of three NO synthases in bone, relationship between enhanced NO level and up-regulated eNOS expression after HW consumption remained unclear and required further investigation. Here, our results only revealed that HW consumption enhanced NO level, which might be contributed to up-regulated eNOS expression, at least in part.
In this study, treatment with HW significantly decreased plasma TNF-a level and femoral TNF-a expression in ovariectomized rats. TNF-a has been shown to decrease osteoblastic bone formation through the suppression of osteoblast proliferation, induction of osteoblast apoptosis and inhibition of osteoblast differentiation (Gilbert et al., 2000) . In addition, TNF-a induced bone resorption by stimulating the production of osteoclast-like multinucleated cells and by increasing the bone-resorbing activity of formed osteoclasts (Kobayashi et al., 2000) . The suppression of molecular hydrogen on TNF-a and IL-6 might be secondary to its anti-oxidative effect. Excess ROS activates the redox-sensitive transcription factor NF-kB, and leads to augmentation of its expression and activity (Almeida et al., 2010) . Increased expression and activity of NF-kB induce gene transcription of cytokines including IL-6 and TNF-a to increase their production (JanssenHeininger et al., 2000; Sanlioglu et al., 2001) . NF-kB activation in ovariectomized rats was found inhibited by treatment with HW.
Conclusion
HW consumption prevents osteopenia in ovariectomized rats, possibly through the ablation of oxidative stress induced by oestrogen withdrawal.
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Figure 3
Effect of HW on NO formation in ovariectomized rats. Plasma NOx (A) content was measured with the Griess method. Femur eNOS mRNA level (B) was measured using qRT-PCR method. n = 10-12 in each group; *P < 0.05 versus the sham-operated group; #P < 0.05 versus the ovariectomized group.
